In the present study, the role of 5-HT 3 receptors in pudendal neuromodulation of bladder activity and its interaction with opioid receptors were investigated in anesthetized cats. The bladder was distended with either saline to induce normal bladder activity or with 0.25% acetic acid (AA) to induce bladder overactivity. Pudendal afferent nerves were activated by 5-Hz stimulation at multiples of the threshold (T) intensity for the induction of anal twitching. AA irritation significantly reduced bladder capacity to 16.5 Ϯ 3.3% of saline control capacity, whereas pudendal nerve stimulation (PNS) at 1.5-2 and 3-4 T restored the capacity to 82.0 Ϯ 12% (P ϭ 0.0001) and 98.6 Ϯ 15% (P Ͻ 0.0001), respectively. Cumulative doses (1-3 mg/kg iv) of ondansetron, a 5-HT 3 receptor antagonist, eliminated low-intensity (1.5-2 T) PNS inhibition and reduced high-intensity (3-4 T) PNS inhibition of bladder overactivity. During saline distention, PNS at 1.5-2 and 3-4 T significantly increased bladder capacity to 173.2 Ϯ 26.4% (P ϭ 0.036) and 193.2 Ϯ 22.5% (P ϭ 0.008), respectively, of saline control capacity, but ondansetron (0.003-3 mg/kg iv) did not alter PNS inhibition. Ondansetron (0.1-3 mg/kg) also significantly (P Ͻ 0.05) increased control bladder capacity (50 -200%) during either AA irritation or saline distention. In both conditions, the effects of low-and high-intensity PNS were not significantly different. After ondansetron (3 mg/kg) treatment, naloxone (1 mg/kg iv) significantly (P Ͻ 0.05) decreased control bladder capacity (40 -70%) during either AA irritation or saline distention but failed to affect PNS inhibition. This study revealed that activation of 5-HT 3 receptors has a role in PNS inhibition of bladder overactivity. It also indicated that 5-HT 3 receptor antagonists might be useful for the treatment of overactive bladder symptoms.
neuromodulation. However, the mechanisms underlying neuromodulation therapies are currently unknown.
Our previous studies in cats revealed that opioid receptors play a major role in the inhibition by tibial nerve stimulation of irritation-induced bladder overactivity (31, 32) and that tramadol (a strong opioid receptor agonist and a reuptake inhibitor for 5-HT and norepinephrine) can significantly enhance the inhibition of tibial nerve stimulation (37) . In contrast, opioid receptors play a minor role in pudendal nerve stimulation (PNS)-induced inhibition of normal isovolumetric bladder activity and are not involved in the PNS-induced increase in bladder capacity of the normal or irritated bladder (4, 17) . We also discovered that metabotropic glutamate 5 receptors contribute in part to the PNS inhibition in cats (15) . The limited involvement of opioid and glutamatergic receptors and additional unknown mechanisms in PNS inhibition indicates that pudendal neuromodulation is complex and depends on multiple neurotransmitters that warrant further investigation. This study was aimed at identifying the contribution of serotonergic 5-HT 3 receptor mechanisms to pudendal neuromodulation.
Previous studies (25, 29) in rats have demonstrated that spinal 5-HT receptors are important for the neuromodulation of somatic pain and that the analgesic effect induced by lowfrequency transcutaneous electrical nerve stimulation can be suppressed by administration of a selective 5-HT 3 antagonist. Therefore, in this study, we examined the role of 5-HT 3 receptors in the PNS inhibition of bladder overactivity induced by intravesical infusion of dilute (0.25%) acetic acid (AA), which irritates the bladder and activates nociceptive bladder C-fiber afferents. PNS was used to inhibit bladder overactivity (i.e., increase bladder capacity) and mimic the clinical application of pudendal neuromodulation. Ondansetron (a 5-HT 3 receptor antagonist) and naloxone (an opioid receptor antagonist) were administered intravenously to determine the role of these receptors in the PNS inhibition of bladder overactivity. Understanding the neurotransmitter mechanisms underlying neuromodulation therapies is important for the development of new drugs or improvement of current neuromodulation therapies for OAB (1, 2, 16) .
METHODS
All protocols involving the use of animals in the present study were approved by the Animal Care and Use Committee of the University of Pittsburgh.
Experimental setup. Experiments were conducted in a total of 28 adult cats (15 female cats and 13 male cats between 2.4 and 3.8 kg) under ␣-chloralose anesthesia (65 mg/kg, supplemented as necessary) after induction with isoflurane (2-3% in O 2). Heart rates and blood oxygen levels were monitored with a pulse oximeter (9847V, Nonin Medical, Plymouth, MN), which was attached to the tongue. Systemic blood pressure was monitored via a catheter in the right carotid artery. Drugs and fluids were administered through a catheter in the right cephalic vein, and airway access was secured with a tracheostomy tube. Ureters were accessed through a midline abdominal incision and drained externally. The bladder was cannulated through the urethra with a double lumen catheter to infuse (1-2 ml/min) saline or 0.25% AA via one lumen and to measure bladder pressure via another lumen. A ligature was tied around the urethra to prevent leakage. A tripolar cuff electrode (NC223pt, MicroProbes for Life Sciences, Gaithersburg, MD) was attached to the left pudendal nerve via an incision between the tail and sciatic notch and connected to a stimulator (S88, Grass Technologies, West Warwick, RI). Stimulation protocol and drug administration. Uniphasic rectangular pulses (5-Hz frequency, 0.2-ms pulse width) were delivered to the intact pudendal nerve via the cuff electrode. The stimulation intensity threshold (T) was defined as the minimal intensity to induce an observable anal sphincter twitch. During the experiment, PNS was applied at multiples of the threshold intensity.
The timeline of the experimental protocol is shown in Fig. 1 . The initial bladder capacity was determined during a cystometrogram (CMG) by slowly infusing the bladder with saline. Bladder capacity was defined as the threshold bladder volume to induce a micturition contraction of large amplitude (Ͼ20 cmH 2O). Multiple CMGs were performed to determine reproducibility of the saline control capacity. Ondansetron (Hospira, Lake Forrest, IL) was then tested in two experimental groups. In the first group (n ϭ 12 cats), repeated CMGs were performed by infusing 0.25% AA intravesically to irritate the bladder, activate nociceptive bladder afferent C-fibers, and induce bladder overactivity (12) . The bladder capacity became stable at ϳ20% of the saline control after 30 -60 min of AA irritation. In the second group (n ϭ 6 cats), repeated CMGs were performed by the intravesical infusion of saline to distend the bladder, activate nonnociceptive bladder afferent A␦-fibers, and induce normal reflex bladder activity (12) .
In both experimental groups, the bladder capacity was first determined during four CMGs: 1) control CMG without stimulation, 2) CMG with PNS at 1.5-2 T, 3) CMG with PNS at 3-4 T, and 4) control CMG without stimulation to determine any poststimulation effects. Increasing cumulative doses of ondansetron were then administered (0.003, 0.01, 0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg iv). Ten minutes after the administration of each dose of ondansetron, the four CMGs were performed again in a period of ϳ20 -50 min under the four different conditions (control, 1.5-to 2-T PNS, 3-to 4-T PNS, and poststimulation control) to determine drug effects on bladder capacity. After the last dose of ondansetron (3 mg/kg) was tested, naloxone (1 mg/kg iv, Sigma-Aldrich, St. Louis, MO) was administered. Five minutes after naloxone administration, the four CMGs were repeated. The bladder was emptied after each CMG with a 3-to 5-min rest period to allow the distended detrusor to recover. The entire experiment was performed in a period of 4 -8 h.
Vehicle control experiments were conducted in a separate group of cats during repeated saline CMGs (n ϭ 5 cats) or during repeated AA CMGs (n ϭ 5 cats) using the same stimulation and drug administration protocols as described above.
Data analysis. For the repeated CMG recordings, bladder capacity was normalized to the initial saline control capacity in the same animal to allow comparisons between animals. Capacity measurements under the same conditions were averaged and are reported as means Ϯ SE. Statistical significance (P Ͻ 0.05) was detected by one-way or two-way ANOVA and linear regression analysis.
RESULTS

Effect of ondansetron on bladder overactivity and PNS inhibition.
AA irritated the bladder, induced bladder overactivity, and significantly (P Ͻ 0.0001) reduced bladder capacity to 16.5 Ϯ 3.3% (1.4 Ϯ 0.3 ml) of the saline control capacity (9.2 Ϯ 1.1 ml, n ϭ 12 cats; Fig. 2 ). PNS at 1.5-2 and 3-4 T applied during AA CMG significantly increased bladder capacity to 82.0 Ϯ 12% (P ϭ 0.0001) and 98.6 Ϯ 14% (P Ͻ 0.0001) of the saline control capacity, respectively. After the stimulation, bladder capacity returned to the prestimulation level ( Fig. 2) , indicating that there was no poststimulation inhibition.
When increasing doses of ondansetron were administered intravenously at 30-to 60-min intervals to obtain cumulative doseresponse curves, doses between 0.1 and 3 mg/kg significantly (P Ͻ 0.05) increased the control bladder capacity, but the bladder capacity during PNS was not changed (Figs. 3 and 4). However, PNS inhibition (i.e., the difference between the control capacity and the capacity during PNS) was gradually reduced (Figs. 3 and 4). The inhibition induced by lowintensity PNS (1.5-2 T) was lost with ondansetron doses of 1-3 mg/kg (Fig. 4) . Although high-intensity PNS (3-4 T) could significantly increase bladder capacity at all doses, the inhibition was progressively and significantly (P Ͻ 0.05) reduced at 0.3-3 mg/kg doses of ondansetron (Fig. 4) . During vehicle controls, bladder capacity was not changed during the entire period of the experiment if ondansetron was not administered (Fig. 4) .
Effect of ondansetron on normal bladder activity and PNS inhibition. Before ondansetron treatment and during saline infusion, PNS significantly increased bladder capacity to 173.2 Ϯ 26.4% (P ϭ 0.036) at low intensity (1.5-2 T) and 193.2 Ϯ 22.5% (P ϭ 0.008) at high intensity (3-4 T) of the control capacity (6.6 Ϯ 1.3 ml, n ϭ 6 cats; Fig. 5 ). The bladder capacity returned to the prestimulation level after the termination of PNS (Fig. 5) , i.e., no poststimulation effect was observed. Cumulative dosing of ondansetron significantly (P Ͻ 0.05) increased the control bladder capacity at doses of 0.1-3 mg/kg but did not change the ability of PNS to inhibit the bladder and increase bladder capacity (Figs. 6 and 7) . Compared with the control capacity, PNS significantly (P Ͻ 0.05) inhibited the bladder even at the highest dose of ondansetron (3 mg/kg) and increased the bladder capacity to 295.3 Ϯ 55.3% at 1.5-2 T and 342.2 Ϯ 71.5% at 3-4 T. In addition, 3 mg/kg ondansetron significantly (P Ͻ 0.05) reduced the amplitude of bladder contractions from 101 Ϯ 10 to 75 Ϯ 4 cmH 2 O (also see Fig.  6A ), whereas 3-4T PNS further reduced the contraction amplitude to 60 Ϯ 6 cmH 2 O (also see the last row of CMGs in Fig. 6A) . A similar effect on contraction amplitude was not observed during AA irritation (Fig. 3) . During vehicle controls, bladder capacity was not changed during the entire period of experiment if ondansetron was not administered (Fig. 7) .
Effect of naloxone on bladder activity and PNS inhibition. Our previous studies (4, 17) have shown that naloxone without ondansetron treatment can significantly reduce bladder capacity during saline infusion but not during AA irritation. In addition, naloxone also plays a minor role in PNS inhibition during saline infusion.
During AA control CMGs after 3 mg/kg ondansetron, naloxone (1 mg/kg) excited the bladder and significantly (P Ͻ 0.05) reduced the bladder capacity from 70.3 Ϯ 15.5% to 19.4 Ϯ 5.3% of the saline control capacity (Fig. 8, A and B) . In these experiments, PNS significantly (P Ͻ 0.05) increased bladder capacity only at high intensity (3-4 T) but not at low intensity (1.5-2 T; Fig. 8A ) similar to the effects before naloxone treatment (Fig. 8B) . The bladder capacities measured during PNS were significantly (P Ͻ 0.05) smaller after naloxone treatment than before naloxone treatment (Fig. 8B) , but the percent increase in capacity during high-intensity PNS was not significantly different (40% vs. 49%) before and after naloxone treatment.
During saline infusion after 3 mg/kg ondansetron, naloxone treatment also excited the bladder and significantly (P Ͻ 0.05) reduced the bladder capacity from 230.8 Ϯ 46.6% to 146.6 Ϯ 40.4% of the saline control capacity (Fig. 9, A and B) . PNS significantly (P Ͻ 0.05) increased bladder capacity at both low (1.5-2 T) and high (3-4 T) intensities (Fig. 9A ) similar to the effects before naloxone treatment (Fig. 9B) . The bladder capacities measured during PNS were not significantly different before and after naloxone treatment (Fig. 9B) . 
DISCUSSION
The effects of ondansetron, a 5-HT 3 receptor antagonist, indicate that activation of 5-HT 3 receptors is partially involved in the PNS inhibition of AA-induced bladder overactivity (Figs. 3 and 4) but is not involved in the PNS inhibition of normal bladder activity induced by the intravesical infusion of saline (Figs. 6 and 7) . Ondansetron also significantly increased bladder capacity in both normal (Figs. 6 and 7) and irritated bladders (Figs. 3 and 4) , indicating an excitatory role of 5-HT 3 receptors in the micturition reflex pathway. Although naloxone excited the bladder, the PNS-induced increase in bladder capacity remained after naloxone treatment (Figs. 8 and 9 ), indicating that the activation of opioid receptors does not contribute to the PNS-induced increase in bladder capacity but does have a role in tonic inhibition of the micturition reflex.
A potential problem in interpreting our data arises because ondansetron and PNS both increase bladder capacity. These two effects could occur by the same mechanism, i.e., that both treatments suppress or remove a tonic 5-HT 3 receptor-mediated facilitation of the micturition reflex pathway and thereby increase bladder capacity. Thus, the block of PNS inhibition by ondansetron could be explained by the drug eliminating the target for PNS and thereby occluding the effect of PNS. This interpretation of the results would be consistent with the apparent "ceiling effect" shown in Fig. 4 in AA-irritated bladders, where ondansetron dose dependently increased bladder capacity and reduced the change in bladder capacity induced by PNS inhibition while not changing the peak effect of PNS, which remained constant at ϳ80% of the saline control capacity. However, several observations led us to conclude that ondansetron suppresses a tonic 5-HT 3 receptor-mediated facilitation of the micturition reflex pathway and also independently suppresses a 5-HT 3 receptor synaptic mechanism that is essential for PNS inhibition of bladder overactivity.
For example, when the results from AA-irritated bladders in Fig. 4 are evaluated along with data from nonirritated bladders (Fig. 7) , it is clear that occlusion does not explain the effects of the drug on PNS inhibition. In cats without bladder irritation, ondansetron more than doubled bladder capacity, presumably by removing a tonic 5-HT 3 receptor excitatory input to the micturition pathway but did not suppress PNS inhibition, which increased bladder capacity to 275% of the control capacity. If the effect of ondansetron to increase bladder capacity occluded the response to PNS in AA-irritated bladders, it is reasonable to expect that a similar occlusion would occur in nonirritated bladders; however, it did not occur. The inhibitory effect of ondansetron on bladder capacity suggests that 5-HT 3 receptor-mediated tonic facilitation plays an important role in modulating reflex bladder activity under both conditions (irritated and nonirritated), whereas 5-HT 3 receptor mechanisms only seem to play a role in PNS inhibition of AA-irritated bladders. This leads us to the conclusion that ondansetron inhibition of reflex bladder activity and PNS . The PNS duration is indicated by the solid bars under the traces. B: bladder capacities measured after 3 mg/kg ondansetron under different CMG conditions before and after naloxone treatment (n ϭ 10 cats). PNS at 1.5-2 T did not significantly change bladder capacity before or after naloxone treatment, whereas PNS at 3-4 T significantly increased bladder capacity before and after naloxone treatment. PNS: 5 Hz, 0.2 ms; T ϭ 0.4 -1.4 V. *Significant difference (by one-way ANOVA and two-way ANOVA).
inhibition of reflex bladder activity are mediated by different mechanisms and that PNS inhibition of the irritated bladder involves the 5-HT 3 receptor.
It is true that ondansetron suppresses bladder overactivity at the same time that it suppresses PNS inhibition of bladder overactivity. This is not surprising if the drug is acting by blocking 5-HT 3 receptors in the two pathways, but does not imply that the drug produces the two effects by one mechanism to increase bladder capacity, which, in turn, occludes the response to PNS by producing a ceiling effect. In fact, 3-to 4-T PNS further inhibited the bladder (Fig. 4) , indicating that at least 1.5-to 2-T PNS did not reach a ceiling effect.
It is also important to recognize that the 5-HT 3 receptor mechanism that regulates the micturition reflex is only facilitatory and not essential because the micturition reflex still occurs after a large dose of ondansetron; only bladder capacity is increased. However, PNS inhibition was blocked by ondansetron. This difference also suggests that the two distinct 5-HT 3 receptor mechanisms are involved in 1) the micturition excitatory reflex and 2) the PNS inhibitory pathway.
Our result demonstrating the involvement of 5-HT 3 receptors in PNS inhibition of nociceptive C-fiber afferent-mediated bladder overactivity agrees well with previous studies investigating the neuromodulation of somatic nociception. Intrathecal administration of a 5-HT 3 receptor antagonist prevented the antihyperalgesia induced by transcutaneous electrical nerve stimulation in rats (25) . Other studies have also shown that neuromodulation-induced analgesia significantly depends on descending central serotonergic pathways, which is evidenced by enhanced antinociception during neuromodulation after 5-hydroxytryptophan administration (28), increased 5-HT concentrations in the spinal cord after neuromodulation (29) , and elimination of neuromodulation-induced analgesia after systemic 5-HT depletion (35) . Since AA activates nociceptive bladder C-fiber afferents and triggers a spinal micturition reflex (12) , it is possible that PNS drives the descending 5-HT pathway that activates 5-HT 3 receptors to inhibit C-fiber afferent-mediated bladder overactivity in the spinal cord. However, since PNS at high intensity can still inhibit bladder overactivity (Fig. 4) and PNS at both low and high intensities fully inhibits normal bladder activity after ondansetron treatment (Fig. 7) , receptors other than 5-HT 3 receptors either in the spinal cord or in the brain must also be involved in PNS inhibition. This conclusion is supported by our previous study (15) in cats, which showed that metabotropic glutamate 5 receptors partially mediate pudendal inhibition, suggesting that pudendal neuromodulation of bladder overactivity might use multiple neurotransmitter mechanisms to achieve its clinical efficacy in OAB treatment.
It is known that descending raphe-spinal 5-HT pathways produce an overall inhibitory effect on the micturition reflex (6, 26) . However, our results suggest that 5-HT 3 receptors play an excitatory role in both spinal and spinobulbospinal micturition reflexes (Figs. 4 and 7) . Previous studies (8, 9) in cats have reported that intrathecal administration of zatosetron, a 5-HT 3 receptor antagonist, excited the bladder and significantly reduced bladder capacity, indicating that tonic activation of 5-HT 3 receptors in the spinal cord mediates inhibition of reflex bladder activity. Therefore, the opposite results obtained in the present study after intravenous administration of the 5-HT 3 antagonist ondansetron (Figs. 3 and 7) imply that 5-HT 3 receptors in the brain have a tonic excitatory effect on the micturition reflex that overrides the inhibitory effect of spinal 5-HT 3 receptors. On the other hand, a 5-HT 3 mechanism seems to play a minimal role in the micturition reflex in rats. Intrathecal administration of a 5-HT 3 antagonist (33) in rats had no effect on bladder capacity and only a slight decrease in micturition pressure. Intracerebroventricular administration of a 5-HT 3 agonist had no effect on either bladder capacity or micturition pressure in rats (14) . These results indicate that a 5-HT 3 mechanism in different species may play a very different role in the micturition reflex.
The results of this study also suggest that 5-HT 3 antagonists such as ondansetron might be useful in OAB treatment (Figs.  4 and 7) . Urinary retention is listed as one of the common adverse reactions of ondansetron (7, 13) , providing clinical evidence that 5-HT 3 antagonists suppress voluntary micturition in humans. The idea of using 5-HT 3 antagonists to treat C-fiber afferent-mediated bladder overactivity is also supported by the demonstration that 5-HT 3 receptors are located on nociceptive primary afferents in the dorsal horn and facilitate the central processing of afferent input, leading to painful behaviors (10, 36) . Activation of 5-HT 3 receptors also releases substance P and neurokinin A from primary afferents (20, 27) . Therefore, it is possible that 5-HT 3 antagonists to treat many pain syndromes, such as irritable bowel syndrome, fibromyalgia, migraine, and chronic neuropathic pain (3, 5, 11, 20) . Since ondansetron is a US Food and Drug Administration-approved drug for nausea that can suppress voiding within its therapeutic dosage (7, 13) , it will be feasible for clinicians to safely test its clinical efficacy as a treatment for OAB. Ondansetron also has a favorable side effect profile (18, 24) , which further advocates its potential for OAB treatment if found to be clinically effective. After AA irritation and ondansetron treatment, naloxone significantly reduced bladder capacity (Fig. 8) . However, our previous study (32) showed that after AA irritation without ondansetron pretreatment, naloxone did not alter bladder capacity. This difference suggests that tonic enkephalinergic inhibition of bladder overactivity emerges after block of 5-HT 3 receptors, indicating that a 5-HT 3 mechanism may suppress tonic enkephalinergic inhibition of bladder reflex activity under AA irritation conditions. During normal reflex bladder activity induced by saline infusion, tonic enkephalinergic inhibition is prominent before (4, 17, 32) and after ondansetron treatment (Fig. 7) , indicating that interactions between 5-HT 3 and opioid receptor mechanisms are not important in the control of the supraspinal micturition pathway activated by non-nociceptive A␦-fiber afferents. Similarly, an interaction between 5-HT 3 and opioid receptor mechanisms is not essential for PNS inhibition because the inhibition of both normal and OAB activity in animals pretreated with ondansetron was not changed after naloxone treatment (Figs. 8 and 9 ).
In summary, this study revealed that 5-HT 3 receptors are partially involved in PNS inhibition of bladder overactivity, suggesting that pudendal neuromodulation might use multiple neurotransmitters and receptors, including 5-HT 3 and metabotropic glutamate 5 receptors (15), to effectively treat OAB. Additionally, we demonstrated that ondansetron, a 5-HT 3 receptor antagonist, can inhibit bladder overactivity and may be a potential pharmacotherapy for OAB. Understanding the neurotransmitter mechanisms underlying pudendal neuromodulation may allow the identification of new pharmacological targets or enhance the efficacy of current neuromodulation therapies for OAB (1, 2, 16) .
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